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Abstract 



We perform a systematic study of sneutrino production and decays in the Min- 
imal Supersymmetric Standard Model (MSSM) with slepton generation mixing. 
We study both fermionic decays like v —>■ l~x^,vyff^ and bosonic decays such as 
v — > l~ ,l~W^ . We show that the effect of slepton generation mixing on the 
sneutrino production cross sections and its decay branching ratios can be quite large 
in a significant part of the MSSM parameter space despite the very strong experi- 
mental limits on lepton flavour violating processes. This could have an important 
impact on the search for sneutrinos and the determination of the MSSM parameters 
at future colliders, such as LHC, ILC, CLIC and muon collider. 



1 Introduction 



In the Minimal Supersymmetric Standard Model (MSSM) [Ij, supersymmetric (SUSY) 
partners of all Standard Model (SM) particles with masses less than (9(1 TeV) are intro- 
duced. In this way, SUSY solves the problems of hierarchy, fine-tuning and naturalness 
of the SM. Hence, the discovery of the SUSY partners and the study of their properties 
play an important role at future colliders, such as the Large Hadron Collider (LHC), 
e^e~ linear colliders (ILC and CLIC), and fi'^fi~ collider. They will extend the discovery 
potential for SUSY particles to the TeV mass range, and allow for a precise determination 
of the SUSY parameters. 

In this letter we focus on the sneutrinos, the SUSY partners of neutrinos. Systematic 
studies of sneutrino decays in the MSSM including the effects of CP violation have been 
performed already [21 [3]. In these studies it has been assumed that individual lepton 
flavour is conserved in the slepton sector, which is suggested by the so far negative searches 
for lepton flavour violating (LFV) processes, e.g. fi —>■ e 'j. However, such an assumption 
may be too restrictive. Furthermore, it has been shown that LFV terms can be induced in 
the slepton sector even in the constrained MSSM (for vanishing LFV soft SUSY breaking 
terms at the GUT scale) when supplemented with right-handed neutrino superfields for 
accommodating neutrino data [4J. These LFV terms can give rise to LFV SUSY particle 
reactions at an observable level. For the ILC, LFV reactions in SUSY particle productions 
and decays have been studied for the cases of two generation mixings e — fi [SIEIEIEIIS], 
jl — f [in], and e — f [TT| [T2] . Moreover, the case of three generation mixing e — ji — f 
has been studied in [11], [131 [IS [13 [13 HZl [H] (in [HI [I9] also for a muon collider) . Some 
of the studies above, i.e. [HI HSl HH [HI [H], are rather model dependent. In contrast, 
our framework is the general MSSM, where we impose no further assumptions other than 
important experimental and theoretical requirements which have to be respected by the 
MSSM parameters. Furthermore, so far no systematic study of LFV in sneutrino decays 
including bosonic decays has been performed. The aim of this article is to perform a 
systematic study of sneutrino production and decays including the bosonic decay modes 
in the general MSSM with LFV in slepton sector. We study the cases of two generation 
mixings in the slepton sector, i.e. fi — f and e — f mixings. We do not expect significant 
LFV effects in sneutrino decays in the e — fx mixing case [8j. We show that the LFV 
sneutrino production cross sections and the LFV decay branching ratios for both fermionic 
and bosonic sneutrino decays can be quite large due to slepton generation mixing in a 
significant part of the MSSM parameter space despite the very strong experimental limits 
on LFV processes. This could have an important impact on the search for sneutrinos 
and the MSSM parameter determination at future colliders, such as LHC, ILC, CLIC and 
muon collider. 

In section [2] we give an account on slepton generation mixing in the general MSSM. In 
Section[3]we list the constraints which we impose on the model parameters. Our numerical 
analysis on LFV sneutrino production and decays is given in section HI We summarize in 
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section O 



2 The model 

First we summarize the MSSM parameters in our analysis. The most general charged 
slepton mass matrix including left-right mixing as well as flavour mixing in the basis of 
ha = {eL,fiL,TL,eR,fiR,fR), a = l, ...,6, is given by [HI [20]: 

where the entries are 3x3 matrices. They are given by 

ML,a/3 = Ml^i, + mlcos{2f3){-^ + sm^ew)Sap + mlSap, (2) 

ML,ap = Ml^^p-mlcos{2(3)siv? 9w5ap + m]jap, (3) 
^RL,a/3 = viApc,-mi^^i*ia.nl35o,p. (4) 

The indices = 1,2,3 characterize the flavours e, /i,r, respectively. M| and M"^ are 
the hermitean soft SUSY breaking mass matrices for left and right sleptons, respectively. 
Aa(3 are the trilinear soft SUSY breaking couplings of the sleptons and the Higgs boson: 
£int = —Aa/si^isRiaLHi + Aafjl^pRyaLHi + ■ ■ ■. jji IS the hlggsluo mass parameter. v\ and 
V2 are the vacuum expectation values of the Higgs fields with vi = (i??), f2 = (-^^2)5 
and tan/3 = V2/V1. We work in a basis where the Yukawa coupling matrix YE^af3 of the 
charged leptons is real and flavour diagonal with Ye^oo = ^e^/vi = mw^cos p = 
e,/i,r), with m^^ being the physical lepton masses and g the SU(2) gauge coupling. 
The physical mass eigenstates ^j, i = 1,...,6, are given by ii = Rf^ioa. The mixing 
matrix and the physical mass eigenvalues are obtained by an unitary transformation 
R^MJR^'^ = diag(m|^, . . . , 'm'jj, where m^-. < mi, for i < j. Similarly, the mass matrix for 
the sneutrinos, in the basis = (t'eL, i^fj.L, t^tl) = (t'e, t'/^, t'r), reads 

Ml^p = ML^ + ^mlcosm^ap (a,/5 = l,2,3) , (5) 

where the physical mass eigenstates are given by z/j = R^^UQa, i = 1,2,3, (m^j < < 
mj>3). 



The properties of the charginos Xi = 1,2, m-± < rn^±) and neutralinos xt = 
1, ...,4, m^o < ... < m^o) are determined by the parameters M2, Mi, fi and tan/3, where 
M2 and Ml are the SU(2) and U(l) gaugino masses, respectively. Assuming gaugino mass 
unification we take Mi = (5/3) tan^ 6'vkM2. 

The possible fermionic and bosonic two-body decay modes of sneutrinos are 

i^i — ' ^x]^ CXfc , (6) 
z>, ^ i-W^, i-H+ . (7) 
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Note that the neutrino flavour cannot be discriminated in high energy colhder experi- 
ments. The bosonic decays in ([7]) are possible if the mass splitting between sneutrinos 
and sleptons is sufficiently large. We have used the formulas for the partial decay widths 
as given in [3J by appropriately modifying the couplings to inculde flavour violation as 
given, for instance, in [20j . 



3 Constraints 



In our analysis, we impose the following conditions on the MSSM parameter space in 
order to respect experimental and theoretical constraints: 



(i) The vacuum stability conditions [2T]: \Aaa\'^ < '^yE,aai^L,aa + + "^i)) 
\A^(,\'' <Yl^^{Ml^^ + Ml^pp + ml), (« ^ /?; 7 = Max(«, /?);«, /3 = 1,2,3 = e,/i,r) 
where m\ = + m| sin^ 9w) sin^ P ~ ^ ^1- 

(ii) Experimental limits on the LFV lepton decays: B{^~ — >■ e~7) < 1.2 x 10^^^ (90% 
CL) [22j, B{t- /i-7) < 4.5 X 10"^ (90% CL) [23], B{t- e"7) < 1.1 x 10^^ 
(90% CL) [21], B{fi- e~e+e~) < 1.0 x lO-^^ (99% CL) [25], B{t- /i^/^V") < 
3.2 X 10-8 (90% CL) [26], B{t- e-e+e") < 3.6 x 10"^ (90% CL) [26]. 

(iii) Experimental limits on SUSY contributions to anomalous magnetic moments of 
leptons [271 [28J 0: |Aaf^^^| < 7.4 x 10"^^ ^95% qL), |Aa^^^^ - 287 x lO""] < 
178 X 10-1^ (95% CL), \Aaf^^^\ < 0.033 (95% CL). 

(iv) The LEP limits on SUSY particle masses [29l [30] : m-± > 103 GeV, m^o > 50 
GeV, mi^ > 100 GeV, m^^ > m^o, mj^+ >m\ + ml,> (93 GeV)^ + (80 GeV)^ = 
(123 GeV)2. 

(v) The limit on 711^+ and tan/5 from the experimental data on B{B^ t^i^t) [Slj B 

- 1.131 < 1.04 (95% CL) with = 5^^^^(5- ^ T-iy^)/B^^{B- ^ 



We use the one-loop formulas from [Ml [35] for the computation of the SUSY contributions 
to the observables in conditions (ii) (for —>■ i'^'~f) and (iii). It has been shown that 
in general the limit on the fi~ — e~ conversion rate is respected if the limit on /i — e 7 
is fulffiled [3^. For the calculation of the LFV three-body decay modes in (ii) we use 

^ For anomalous magnetic moments of electron and tau lepton (a^ and Cr) we take an experimental 
error range at 95% CL for the SUSY contributions Aaf^'^^ and Aaf^'^^ using the data of [27]. Also 
for the limit on Aa^^^'^ , we allow for an error at 95% CL for the difference between the experimental 
measurement and the SM prediction [28] , 

^ The Babar experiment also has obtained similar data on B{B^ t^i^t) [22] (see also [33]). We 
have checked that our scenarios studied in this article are allowd also by this data. 
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the formulas given in p6]. When calculating B^^^^{B^ —>■ r^Vr) in (v) we use the 
tree-level formula |37], where only the W~ and H~ exchanges contribute, as we do not 
specify the squark-gluino sector. There are no further constraints on the basic MSSM 
parameters in our study from the other observables in the B-meson sector, like B{h — > S7), 
B{B^ —>■ fi~^iJ.~) and AMb^, since the slepton sector is essentially independent of the 
squark-gluino sector in our framework of the general MSSM. 

Condition (i) is a necessary condition for the tree-level vacuum stability [21J. This 
condition strongly constrains the trilinear couplings A^,^, especially for small tan/3 where 
the lepton Yukawa couplings Ye^qo are small. For the limits on the lepton flavour mixing 
parameters Aajj {a ^ f3) we find that now the experimental limits on them from LFV lep- 
ton processes in (ii) can be stronger than the theoretical limits from the vacuum stability 
condition (i) depending on parameter regions (see [2I|)- (ii) strongly constrains the lepton 
flavour mixing parameters; e.g. in case of jl — f mixing the limit on B{t~ /^~7) strongly 
constrains the ft — f mixing parameters M| 23, M'^ 23; ^23 and ^32. (v) strongly constrains 
mH+ and tan/3. The limit on Aa^^^^ in (iii) is also important, e.g. it disfavours negative 
H especially for large tan p. 



4 Numerical results 

We take tan ^,171^+, M2, fi, M^^p, M^^^i^, and Aap as the basic MSSM parameters at 
the weak scale. We assume them to be real. The LFV parameters are M^^p, M^^^^, 
and Aai3 with a ^ (3. First we study in detail jl — f mixing with the parameters as 
given in Table [TJ This scenario is within the reach of LHC and ILC and satisfies the 
conditions (i)-(v). For the branching ratios of the LFV leptonic two-body decays we 
obtain B{^i- e'-f) = 1.59 x 10-^\ B{t- /i-7) = 2.35 x 10"®, and B{t- 
e~7) = 2.71 X 10^^^. The branching ratios for the LFV leptonic three-body decays are 
calculated to be B{ii- e^e+e") = 9.7 x 10"^^ B{t- e-e+g-) = 2.9 x 10"^^ and 
B{t~ —>■ fi^fi^fi~) = 5.4 X 10^^^. The SUSY contributions to the anomalous magnetic 
moments of the leptons are calculated to be Aaf^"^^ = 2.82 x 10"^"^, Aaf^^^ = 1.24 x 10"^, 
and Aaf^^"^ = 3.40 x 10~^. The resulting chargino and neutralino masses are given by 
m^± = 147 GeV, m-± = 661 GeV and m^o = 138 GeV, m^o = 155 GeV, m^o = 331 GeV, 
m^o = 661 GeV, respectively. In Table[2]the slepton mass spectrum and the corresponding 
decompositions in flavour eigenstates are given. 

The i>i and z/2 two-body decay branching ratios are displayed in Table [31 As i/2 ~ 
and ii ~ T/j, the decays z/2 t^Xi and z/2 — > iiH~^ are essentially LFV decays. Note 
that the branching ratios of these LFV decays are sizable in this scenario. The reason 
is as follows: The lighter neutralinos x? 2 lighter chargino xf are dominantly 

higgsinos as Mi_2 ^ |/^| in this scenario. Hence the fermionic decays into X12 Xi are 
suppressed by the small lepton Yukawa couplings except for the decay into r^Xi which 
does not receive such a suppression because of the sizable r Yukawa coupling 1^,33 for 
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Table 1: MSSM parameters in our jj — t mixing scenario. All mass parameters are given 
in GeV. 



Rfa II t>e I i^fi \ \ Mass I I RL II ei \ fiL \ h \ cr \ ftR \ tr \ Mass 

h 0.0 -0.36 0.93 393 ~Ti 0.0 -0.003 0.033 0.0 -0.12 0.99 204 

i>2 0.0 0.93 0.36 407 0.0 0.002 0.004 0.0 0.99 0.12 215 

i>3 I 1-0 I 0.0 I 0.0 I 425 I 4 0.0 Q.Q Q.Q l.Q Q.Q Q.Q 234 

Table 2: Sneutrino and charged slepton compositions, i.e. the mixing matrices and 
R^^ for i = 1,2, 3, and the associated mass spectra (in GeV) for the scenario of Tabled] 



B{i)i -> z/x?) = 0.066 


5(z>i ^ z/x^) = 0.016 


B{ui uxl) = 0.045 


B{h ^ fi-xt) = 0.014 


B{h^T-xt)=0.3Q 




Bih l\W^) = 0.015 


B{ui e^H+) = 0.48 




B{i>2 lyxi) = 0.14 


fi(z>2 ^ i^X^) = 0.034 


B{u2 - //xH) = 0.13 


5(z>2 ^ fi-xt) = 0.20 


B{u2^T-xt)=0-l'2 


B{u2 ^ ^r^^) = 0.38 



Table 3: Branching ratios of ui and z/2 decays in the scenario of Table [TJ Branching ratios 
smaller than 1% are not shown. 



large tan/3. This leads to an enhancement of the bosonic decays into the Higgs boson 
H^. Moreover the decay z/2(~ i^fi) ^r(~ ^r) + is enhanced by the sizable trilinear 
i'^i — Tr — Hi coupling A23 (with H{ = H sin /3). Because of the sizable 9^ — Ur mixing 
term M| 23 the i>2 has a significant z/^ component, which results in a further enhancement 
of this decay due to the large trilinear i)^ — fp^ — H{ coupling ^33 (= 150 GeV). 
Similarly the decay t'i(~ i't) ^ ^r(~ ^/j ) + is enhanced by the large ^33. The decays 
of z^i(~ t'r) and i>2(~ i^ii) into £2 (~ i^R)~^H^ are suppressed due to the vanishing trilinear 
couphngs yl32 and ^22, respectively. The decays into (-1^2^^ are suppressed since £5" ~ 
and ^2 ~ /^ij. 
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In experimental searches for LFV in sneutrino decays it is important to have at least 
two different lepton-flavour modes with sizable branching ratios in decay of a sneutrino; 
e.g. both sizable B{i'2 —>■ ^'^^ sizable B{i'2 —>■ T^xt)- To allow for an experimental 

distinction of the branching ratios of z/i, i>2 and 1)3, sufficiently large mass differences 
among the three sneutrinos are required. However, large z/ mass differences tend to lead 
to small z/ generation mixing angles such as 9^1^ (i.e. small LFV effects), where the 
effective z/^ — Ur mixing angle 623^ is defined by tan(26'23''^) = 2M| 23/ {Ml 22 — M\ 33) with 
,33 ~ "^vi ~ ""^ii ^he scenario given in Table [H 

4.1 V decay branching ratios 

We study the basic MSSM parameter dependences of the LFV sneutrino decay branch- 
ing ratios for the reference scenario of Table [TJ In Fig.l we show contours of V2 decay 
branching ratios in the /i — M2 plane. All basic parameters other than /i and M2 are 
fixed as in our scenario defined in Table [U We see that the LFV decay branching ratios 
i?(z>2 — > T'Xi^) ^iid -B(z>2 — > ^iH~^) can be sizable in a significant part of the — M2 
plane. The main reason for the increase of B{i'2 — > iiH~^) in the region M2 ^ /i is that 
the partial widths for the decays into fi~xt ^Xi2 decrease for increasing \M2/fi\ as 
the lighter chargino/neutralino states become more and more higgsino like. The T~xf de- 
cay mode has a different behaviour due to the sizable r Yukawa coupling for large tan jS. 
We remark that the limit on Aa^^^^ excludes the region with B{i'2 — > i^H^) > 0.5. 
For the LFV Di decay we obtain ^ = (0.015, 0.03, 0.05) for (/i, M2) (GeV) 

= (200, 600), (400, 360), (600, 280), respectively. 

In the following we use the quantities Rl23 = ^l,23/((^l,ii + ^1,22 + ^l,33)/3) and 
Ra23 = ^23/((|^ii| + 1^22! + |^33|)/3) as a measure of LFV. In Fig. 2 we present the -Rl23 
dependence of ^2 decay branching ratios, where all basic parameters other than M| 23 are 
fixed as in the scenario specified in Table [TJ We see that the LFV decay branching ratios 
i?(z>2 T~Xi) and -B(i>2 ^iH^) can be large and very sensitive to -Rl23- Note that 
~ "^i? and that the Vr component in z>2(~ v^) increases with the increase of the z/^ — Vr 
mixing parameter MI2Z1 which explains the behaviour of the branching ratios. Similarly 
we have found that -B(z/2 — > iiH~^) can be very sensitive to -Ra23; this decay can be 
enhanced also by a sizable ^23 as explained above. To exemplify this behaviour further, 
in Fig.3 we show the contours of these decay branching ratios in the -Rl23 — Ra23 plane, 
where all basic parameters other than M| 23 and ^23 are fixed as in the scenario of Table 
[H As can be seen, these LFV decay branching ratios can be large in a sizable region of the 
Rl23 — Ra23 plane and their dependences on -Rl23 and -Ra23 are quite remarkable and very 
different from each other. Hence, a simultaneous measurement of these two branching 
ratios could play an important role in the determination of the LFV parameters M| 23 
and A23. 

In Fig. 4 we show contours of the LFV decay branching ratio B{i)i £3 iJ+) in the 
^£23 - Ra32 plane for our scenario, where Re23 = ^i23/((^l,ii + ^e,22 + ^l,33)/3) 
and Ra32 = ^32/((|^ii| + 1^22! + |^33|)/3). AH basic parameters other than M|; 23 and 
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5(z>i ^ z/x?) = 0.066 


5(z>i ^ z/x") = 0.016 


^ = 0.043 


B{ui e~xi) = 0.014 


B{u^^T-xt)= 0.37 




B{ui iiW+) = 0.015 


B{h i{H+) = 0.48 




5(z>3 ^ ^^X?) = 0.14 


Bii>3 ^ ^^X^) = 0.034 


B{u3 ^ = 0.12 


5(z>3 ^ e-x^) = 0.20 


5(z>3^r-x^) =0.12 


B{i>3 e{H+) = 0.38 



Table 4: Branching ratios of ui and z/3 decays in the e — f mixing scenario. Branching 
ratios smaller than 1% are not shown. 



A32 are fixed as in the scenario described in Table [H We find that this branching ratio 
can be large in a sizable region of the Re23 — Ra32 plane, and that it is sensitive to Re23 
and Ra32i which suggests that its measurement may be important for a determination of 
the LFV parameters M'^23 A32. This behaviour of -8(1^1 — > £2^^) can be explained 
as follows: the decay i't) ^2 (~ P'r) + can be enhanced by a sizable trilinear 
— jX^ — Hi coupling A32. Moreover, for a sizable jiR — f/j mixing term M"^ 231 ^2 has a 
significant component, which leads to an enhancement of this decay due to the large 
trilinear Ur — — Hi coupling ^33. 

In Fig. 5 we show a scatter plot of LFV decay branching ratios B{i'2 £iH^) ver- 
sus B{t^ — > /i~7) for the scenario of Table [H where the parameters M2, /i, Rl23, 
Re23, Ra23 and Ra32 are randomly generated in the ranges < M2 < 1000 GeV^, 
\n\ < 1000 GeV^, |-Rl23| < 0.1, \Re23\ < 0.2, \Ra23\ < 2.5 and |-Ra32| < 2.5 (corresponding 
to IMI 23I < (131 Ger)^ IMI 23I < (96Ge\/)2, I/I23I < 125 GeV^ and IA32I < 125 GeV). 
All parameters other than M2, M| 23, jW^I; 23? ^23 and A32 are fixed as given in Table 
[H As can be seen in Fig. 5, the LFV branching ratio B{i'2 iiH^) could go up to 
30% even if the present bound on B{t^ ^ A^ t) improves by one order of magnitude. 
For the other LFV decay branching ratios of i>i^2 versus B{t~ Ai~7) we have obtained 
scatter plots similar to that for -B(i>2 — ^ ^iH^) versus B{t^ — > with the upper 

limits of the z/i 2 decay branching ratios B{ui — > fi^Xi) ^ 0.12, B{h'i ^2 -^^) ^ 0.40, 
B{ui -> £2^+) < 0.05, 5(z>2 ^ T-xt) < 0.35, and 5(z>2 ^ £iW+) < 0.22. Note that 
Bl^i ^2-f^^) can be very large due to sizable M|;23, ^32 and large ^33, as explained 
above. B{j)i fJ'^Xi) can be significant for sizable MI23 and M2 <^ |/i| where ui has 
a sizable component and Xi is mainly gaugino-like. -B(z>2 — > £iW~^) can be sizable 
by the following reason: The decay i>2(~ t'^) ~^ t^r) + can be enhanced by a 

sizable fiL — tr mixing parameter ^23 which leads to a sizable jli component in £1. This 
decay can also be enhanced by a sizable i)^ — Vr mixing parameter M| 23 which leads to 
a sizable Vr component in 1)2] the v-r component can couple to and to the sizable tl 
component in li which is due to the large tl — mixing term M|.^ 33 (for large tan 
see Eq. (jlj). Similarly B{i'i £2W^) can be enhanced by a sizable ^32. 

We have also studied the infiuence of LFV on the sneutrino decay branching ratios for 
the case of e — f mixing, where the MSSM parameters are taken as in Table [1] modified 
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by the changes: M| = (410 GeV)^, M| 22 = (405 GeV)^, M| 33 = (400 GeV)^, M| 23 ^ 
M| ]^3 and A23 ^ Ay^. Then z>i ~ z>^, z>2 ~ i^fi and z/3 ~ z>e, where the corresponding masses 
are m^^ = 393 GeV, m,>2 = 400 GeV and rrij^.^ = 407 GeV, respectively. The resuhing 
z>i and 1)3 decay branching ratios are given in Table HI As can be seen, these branching 
ratios are similar to the corresponding ones in the jl — f mixing scenario of Table [U e.g. 
B{i'3 e~Xi) ill the e — f mixing scenario has the same value as -8(1^2 f^~Xi) the 
jl — f mixing scenario. We have also found that the dependences of the decay branching 
ratios on the LFV parameters are similar (including the excluded regions) to those in 
the jl — f mixing scenario. For instance, -B(t'3 t~Xi) shows a similar dependence on 
^Li3 {= Ml .JiiMl ,, + Ml^^ + M|_33)/3)) to that of 5(z>2 ^ r-xt) on Rl23 shown in 
Fig. 2. This is due to the fact that Ye^u ~ Ye^22{^ 0), that the experimental limits on 
B[t' e"7) and B{t^ —>■ fi~''~f) are comparable, and that the theoretical constraints on 
the LFV parameters Ai^ and A31 from condition (i) are also similar to those on ^23 and 

^32- 

4.2 D production cross sections 

It is to be noted that the production cross sections a{e~^e~ i^iVj) = for i ^ j with 
i,j = 1,2,3 are negligible in the jl — f mixing scenario of Tabled! This is due to the 
fact that in this scenario the t-channel chargino exchanges contribute significantly only 
to (J33 (with z/3 ^ z/g). Furthermore, the s-channel Z boson exchange cannot contribute 
to the cross section for i ^ j because of the vanishing ZviVj couplings, which is due to 
the unitarity of the mixing matrix . For the same reason the dependence of the cross 
sections an with z = 1, 2, 3 on the LFV parameter M| 23 is very weak in this scenario. 

In the e — f mixing scenario, however, the influence of slepton generation mixing on 
a{e^e~ ^i^j) is completely different from that in the jl — f mixing scenario. The 
reason is that in the e — f mixing scenario the t-channel chargino exchanges contribute 
significantly to the cross sections cxjj for i,j =1,3, enhancing the cross sections strongly 
and yielding pronounced dependences of the cross sections on the Ve~^T mixing parameter 
M\ ^^3. Note that V\ (z/3) is mainly (z/g) with a small z/g (z/r) component. 
In Fig.6 we show the Rlxz dependence of an, (J13 (= (J31) and (T33 at \/s = 1 TeV for 
longitudinal polarization of -90% and 60% of the electron and positron beam, respectively. 
All parameters other than M| ^^3 are fixed as in our e — f mixing scenario described in 
subsection 14. 1[ We remark that the production of a pair of sneutrinos with different 
masses is a unique signal of LFV. This cross section ais (= a^i) can be as large as about 
17fb in this scenario as can be seen in Fig.6. The analysis of [39] shows that the sneutrino 
mass can be measured with an error of about 0.6 % at ILC. In our case this corresponds 
to a mass uncertainty of about 2.5 GeV and hence the expected mass difference rrio^ —rrij^i 
of about 10 GeV should be measurable at ILC. 
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4.3 LFV contributions to collider signatures 



Now we study the LFV contributions to signatures of sneutrino production and decay at 
the ILC. At e^e~ colhders the experimental sensitivity to e — f mixing is in general larger 
than that to ft — f mixing because of the larger sneutrino production cross sections due 
to the sizable t-channel chargino exchange contributions Therefore, we first discuss 
signatures in the e — f mixing scenario described in subsection 14. 1[ We calculate the LFV 
contributions in sneutrino production and decay to the rate of the signal events 

e^r=^ +4jets+|^ and e^r^r^ + 2jets , (8) 

where ^ is the missing energy [f]. We assume ^/s = 1 TeV and a longidutinal polarization 
of -90% and 60% for the electron and positron beam, respectively. From Table H] we see 
that the dominant LFV contributions to the rate of the signal event e^r"^ + 4jets +^ is 
obtained by 

3 3 

^1 = 2 EE ^(e^e- ^ i>,9,) B{i), ^ r-xt) B{D, ^ e+xr) , (9) 
i=i j=i 

which we calculate using the program SPheno [38]. The factor 2 in Eq. ([9]) is due to 
the summation over the charges of the involved leptons. For the cross sections (Xy = 
a(e"'"e~ — >■ z>jZ>j) we obtain an = 14fb, (T22 = 5fb, (733 = 99fb, o"i3 = a^i = lOfb, au = 
c"2i = cr23 = 0-32 = 0. Further we get Y.qB{xt QQ'Xi) = 0.67 in this scenario. As a 
result, the corresponding cross section that gives rise to e^r^ +4jets+-^ is crf^^ = 6.6fb. 
Note however that lepton flavour conserving (LFC) transitions also can contribute to the 
final state e^r"^ + 4jets The dominant contribution of this type stems from the 

reaction e~^e~ I'si^s, followed by the LFC decays — >• e~xt ci-nd xt ~^ '^'^^Xi^ with 
the branching ratio B{xi t^^^Xi) = O-l- The other 1)3 decays as i/3 '^X^y where 
subsequently the Xs decays into Zx2 (with a branching ratio (BR) of 6%) and into VT'^'xf 
(with BR of 9.3%). Both decay chains lead to a final state containing 4jets plus missing 
energy, where for the various decay branching ratios we have J2qB{Z — * qq) = 0.7, 
J2qB{x2 ~^ QQXi) = 0.62 and J2qB(W — > qq') = 0.68. Taking into account the branching 
ratios in the decay chains and summing over the charges of the involved particles, we find 
that the corresponding cross section is a^^^ = 0.033fb, which is two orders of magnitude 
smaller than af^^. One can expect that the kinematical distributions of LFV and LFC 
contributions are quite different. Hence suitable kinematical cuts would further enhance 
the ratio of LFV to LFC contributions. 

^ Note that there are also contributions from LFV transitions in the production and decay of charged 
sleptons to the signals in ([5]). 

We remark that the effect of sneutrino flavour oscillation is negligible since in the considered scenario 
we have m?. —m?. ^ l/2(m£;.r£;.+mi>j.rp^.) for j > j [6]. Hence, the rate of the combined process factorizes 
into the product of production cross section and decay branching ratios. 
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Now we consider the LFV transitions which give rise to the event e^r'^r^ + 2jets 
The dominant LFV contributions to the rate of the events is given by 



= a,.B{H+^r+v).Y.B{Xi^qq'x\). 



3 3 3 
1=1 i=l k=l 

B{V, ^ e+xr) B{t, ^ T-x\) + B{V, ^ r+Xi) B{t, ^ e^x?)] , (10) 

where B{H+ ^ r+z/) ^ 1, 5(£r,2,3 ^ e'x?) = (0,0,0.89) and B{kx, ^ r-^?) = 
(0.38,0,0.006). We obtain ct|'^^ = 6.7fb. Also in this case there are LFC contributions 
to e^r^r^ + 2jets The dominant one is due to the reaction e^e~ ^'i^'i, followed 
by the LFC decays z/i t^Xi and z>i t^Xi ^ where subsequently one chargino decays 
hadronically and the other chargino decays as Xa ~^ ^^^Xa_ with -B(xf e^z^Xi) = 0.12. 
The corresponding cross section for this reaction is = 0.31fb, which is about a factor 
1/20 smaller than a^'''^ . 

We have also studied the LFV contributions to the rate of the signal events /i^r^ + 
4jets and /i^r^r^ + 2jets +^ in the jl — f mixing scenario of Table [TJ Taking 
the branching ratios of Table [3|, and using Eqs. and ffTU]) with e replaced by in 
the branching ratios, we obtain the corresponding LFV cross sections af^^ = 0.14fb and 
crl"^^ = 0.23fb, respectively. Similarly, for the corresponding LFC cross sections we obtain 
af^^ = 0.0034fb and a^^^ = 0.13fb, respectively. 

The examples above show that the LFV processes (including the LFV bosonic decays 
also) can contribute significantly to signal event rates at linear colliders. This strongly 
suggests that one should take into account the possibility of the significant contributions of 
both the LFV fermionic and bosonic decays in the sneutrino search and should also include 
the LFV parameters in the determination of the basic SUSY parameters at colliders. It 
is clear that detailed Monte Carlo studies taking into account background and detector 
simulations are necessary 0. However, this is beyond the scope of the present article. 

Before closing this section we remark that the slepton generation mixings as discussed 
here could also significantly affect the production and decays of charged sleptons and that 
complex phases of the LFV parameters, such as M| 23, might have an important influence 
on the sneutrino phenomenology [3]. These topics deserve detailed studies and will be 
treated in forthcoming papers. 



^It has been shown pUf that the background stemming from the decay of r into e/ fi, can be reasonably 
suppressed by suitable cuts on the e/n energy and/or on the e//Lt impact parameter. 
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5 Summary 



We have studied sneutrino decays in the cases ol fx — f and e — f mixings in the slep- 
ton sector. In the case of e — f mixing we have obtained similar results to those in the 
fi — f mixing case since the experimental limit on B{t~ e~7) is of the same order of 
magnitude as the one on B{r^ 7)- The theoretical limits from the vacuum stability 

conditions on the LFV parameters A12, and are also similar to those on A23 and 
In the e — p, mixing case the LFV effect is much smaller because the experimental limit 
on B{ii~ — > e~7) is much stronger than those on B{t~ — > /i"^) and B{t~ 6^7) and 
the theoretical limits from the vacuum stability conditions on the LFV parameters A12 
and ^421 are also much stronger than those on 7423,^32,^13 and ^431. 

To conclude, we have performed a systematic study of sneutrino production and decays 
including both fermionic and bosonic decays in the general MSSM with slepton generation 
mixings. We have shown that LFV sneutrino production cross sections and LFV sneutrino 
decay branching ratios can be quite large due to LFV in the slepton sector (i.e. due to 
slepton generation mixing) in a significant part of the MSSM parameter space despite the 
very strong experimental limits on LFV processes. This could have an important impact 
on the search for sneutrinos and the MSSM parameter determination at future colliders, 
such as LHC, ILC, CLIC and muon collider. 
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Figure Captions 



Figure 1: Contours of the LFV decay branching ratios (a) B{i'2 t^Xi) cind (b) 
B{i'2 — > iiH~^) in the /i — M2 plane for our ft — f mixing scenario. All parameters other 
than /i and M2 are fixed as in Table [TJ The region with no solid contour- lines is excluded 
by the conditions (i) to (v) given in the text; negative fi region is excluded by the limit on 
Aa^^^^ in (iii). The dashed and dash-dotted lines in (a) show contours of B{t~ — > /i~7) 
and Aaj^^'^^, respectively. Note that (iii) requires 1.09 x 10~^ < Aa^^^^ < 4.65 x 10^^. 

Figure 2: Rl23 dependence of 1)2 decay branching ratios for our jl — f mixing scenario, 
where all basic parameters other than M| 23 are fixed as in Table [H The shown range of 
-Ri,23 is the whole range allowed by the conditions (i) to (v) given in the text. 

Figure 3: Contours of the LFV decay branching ratios (a) B{i'2 '^^Xi) a^id (b) 
B{u2 ^ liH^) in the -Rl23 — Ra22, plane for our jl — f mixing scenario, where all basic 
parameters other than M| 23 and ^23 are fixed as in Table [H The region with no solid 
contours is excluded by the conditions (i) to (v) given in the text. The dashed lines in 
(a) show contours of B{t~ — ^ /i~7)- 

Figure 4: Contours of the LFV decay branching ratio B^vi —>■ £2 -f^^) in the Re23 — Ra32 
plane for our jl — f mixing scenario, where all basic parameters other than M"^ 23 and ^32 
are fixed as in Table [H The region with no solid contours is excluded by the conditions 
(i) to (v) given in the text. The dashed lines show contours of B{t~ /i~7)- 

Figure 5: Scatter plot of the LFV decay branching ratios B{i'2 — > liH^) versus B{t^ — »• 
/i^7) for our jl — f mixing scenario with the parameters M2, /i, -Rl23, Re23, Ra23 and Ra32 
varied in the ranges < M2 < 1000 GeV, < 1000 GeV, \Rl23\ < 0.1, \Re23\ < 
0.2, |i?A23| < 2.5 and |-Ryi32| < 2.5, satisfying the conditions (i) to (v) given in the text. 
All parameters other than M2, /i, M| 23, 23; ^23 and ^32 are fixed as in Table [H 

Figure 6: Production cross sections a{e~^e~ J^ii'i) (dotted line), a{e'^e~ — uiu^) 
(= cr(e+e^ — > U3U1)) (solid line) and a{e'^e~ 1^31^3) (dashed line) at y/s = 1 TeV as a 
function of Rli3 for our e — f mixing scenario. All parameters other than M| are fixed 
as in the e — f mixing scenario described in subsection 14. 1[ The Rli3 region shown is 
allowed by the conditions (i) to (v) given in the text. 
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